The chemical reactions of dry-disposed ash dump, ingressed oxygen, carbon dioxide, and infiltrating rainwater affect mineralogical transformation, redistribution, and migration of chemical species. Composite samples of weathered coal fly ash taken at various depths and fresh coal fly ash were examined using organic petrographic, X-ray diffraction, X-ray fluorescence techniques, and successive extraction procedures. Results obtained show relative enrichment of glass, Al-Fe-oxides, calcite, and tridymite in the weathered CFA, but the fresh CFA is enriched in mullite, inertinite, maghemite, and ettringite. The enrichment of the weathered CFA in amorphous glass suggests higher reactivity when compared to fresh CFA. The evident depletion of soluble oxides in the weathered CFA is attributed to flushing of the soluble salts by percolating rainwater. Comparative enrichment of examined elements in water-soluble, exchangeable, reducible, and residual fractions of the weathered CFA is partly due to the slow release of ().,-volV) ( 01234567 89().,-volV) adsorbed chemical species from the alumina-silicate matrix and diffusion from the deeper sections of the particles of coal fly ash. Sodium and potassium show enrichment in the oxidisable fraction of fresh CFA. The estimated mobility factor indicates mobility for Ca, Mg, Na, Se, Mo, and Sb and K, Sr, V, Cu, Cr, Se, and B in fresh and weathered CFAs, respectively.
Introduction
South Africa depends principally on low-grade pulverised coal combustion for electricity generation. However, electric power generation from low-grade coal thermal conversion processes generates large amounts of fly ash. The leading power utility in South Africa produces 37 Mt of coal fly ash yearly (Eskom 2009 ). At present, only 5% is constructively valorised, whereas 95% is stowed in ash dams, landfills, or ponds (Fatoba and Petrik 2015; Petrik et al. 2003) . However, coal-derived fly ashes are utilised in some alternative materials applications in building concrete, construction, agriculture, and backfilling mines (Kim 2006) . Despite the existing alternative applications, enormous quantities of discarded coal fly ash are stockpiled in ash dams. In general, the dry-disposed CFA is a significant risk to human health, environment, and groundwater systems underneath the ash dumps.
Some authors (Akinyemi et al. 2012; Akinyemi et al. 2011a; Gitari et al. 2009 ) noted that chemical reaction of dry-disposed CFA with ingressed CO 2 and infiltrating rainwater could have resulted in the formation of temporary, minor or secondary mineral phases with a low buffering capacity of pH between 7.94 and 8.00. Some studies also have established that the mineral alteration development during the natural weathering of incinerated fly ash from municipal solid wastes (MSW) is similar to the ash from volcanoes in nature (Warren and Dudas 1985; Zevenbergen et al. 1994; Zevenbergen et al. 1999) . However, the volcanic ash comprises thousands of years of clay mineral growth due to the time differences.
Based on empirical evidence, illitic clay formation from the glassy phase from incinerated MSW bottom ash typically occurs around 12 years. Similarly, microscale amorphous clay materials are formed on the particle surfaces of coal ash after 8 years of weathering in nature (Zevenbergen et al. 1994) . The growth of CFA beneficiations is typically inhibited by the release of different metallic ions, comprising heavy metals during the weathering of older discarded CFA. These species eventually contaminate groundwater systems or pollute the environment around the coal-based fly ash dump (Akinyemi et al. 2012 ). Furthermore, the flushing or disposal of soluble buffering components in CFA is attributed to weathering/ageing in nature. As a result, the pH, metal mobility, and mineralogical transformations of the weathered coal fly ash are significantly affected (Akinyemi et al. 2011b ). Furthermore, the heavy metals discarded from utilised coal by-products are detected in aqueous sources such as acid rain, groundwater, or acid mine drainage. In the long term, these species become unsuitable for applications such as bulk fill and mine remediation materials (Kim 2006) . Consequently, over time the heavy metals release due to weathering/ageing could present significant challenges for beneficiating or exploiting drydisposed CFA. A wide range of diseases are directly related to the environmental impact of dry-disposed CFA. For instance, toxic metals (such as Be, As, Co, Cr, Cd, Cu, Hg, Pb, Mn, Ni, Sb, Se, Sr, V, U, Th, and Ti) in dry-disposed CFA may damage significantly human health when exceeds certain WHO tolerable limits in the body through inhalation and/or drinking of groundwater (Varnavas 2016; Akinyemi et al. 2019) . Lead concentrations exceeding the WHO permissible limits can cause severe damage to the development of central nervous system (Varnavas 2010) , as well as a general developmental delay of foetuses and young children, interfering with the functioning of almost every brain neurotransmitter (Varnavas et al. 2012) . Human populations exposed to inhalation of dust from dry-disposed ash containing As, Ni, Cr, Cd, etc., are considered of high-risk in developing cancer (Varnavas 2010 : Akinyemi 2011 Varnavas et al. 2012) .
Therefore, the objectives of the study are as follows: (1) to evaluate mineralogical transformations in dry-disposed CFA scenarios; (2) to appraise the mobility of chemical species and various geochemical factors affecting their release in dry-disposed CFA dump; (3) to assess the suitability of dry-disposed CFA for utilisation in the production of valuable geopolymeric materials. The study presents the chemical, petrological, mineralogical characterisations and geochemical fractionation of fresh and weathered CFAs.
Materials and methods
Occurrence and description of ash dump Dry ash handling involves any method that results in deposition/placement of a solid material that does not drain water except during rainfall and irrigation. The ash is transported by truck or conveyor belt at the site and disposed by constructing a dry embankment (dyke). Most of the ash generated at the power station is dry disposed in landfills covering several hectares of valuable land near the coal-fired plant. At this power station, dry ash is dumped via conveyor belts on the ash dumpsite and irrigated with highly saline wastewater from the water treatment plant to suppress excess dust (and as a co-disposal principle). The moist ash at the power station is transported by conveyor belt to the ash dump where it is dumped in a single or double stacking operation. In addition to the moisture added to the fly ash within the power station, the ash is again wetted by means of a pivot irrigation system. This is employed as moist ash is dumped off the conveyor belt to prevent the ash from drying out and creating a dust problem. No mechanical compaction of the ash is done, other than its own weight and the weight of machinery used on top of the ash dump. The drydisposed ash dump covered about 190 ha, extending eastwards. The dry-disposed ash dump is roughly 40 m above the ground level on the side where dumping takes place, and slopes gently towards the west. The coal stockyard lays roughly 5 km northwest of the ash dumpsite and covers an area of around 28 ha.
Morphology of the ash dump
The ash dump is levelled after placement and covered with soil up to 100-300 mm thickness. The soil cover prevents ash from blowing off the dump and serves as a growth medium for grass. The top surfaces of most ash dumps are slightly graded, to allow rain to run-off, and ponding may occur in small areas especially after heavy rainfall. Vegetation (grass) is quickly established under these conditions and irrigated with fresh or brine/saline water. This is employed especially on the side slopes where more moisture is available from lateral seepage and run-off from the top surface of the ash dump.
Geochemical interactions of ash with soil and bedrock Soils taken from the dry-disposed ash dump surrounding areas are characteristically rich in clay content due to the weathering of dolerite dykes that criss-cross the entire landscape. The average concentrations of heavy metals in the clay-rich soils vary greatly, which is typical of industrial soil (Maya et al. 2015) . The average content of Cr, Ni, Co and V exceeded the South African tolerable level values reported by Herselman (2007) . On the other hand, Pb shows a mean value lower than the recommended limits (Maya et al. 2015) .
Elements such as B, Cd, Co, Cr, Cu, F, Ni, T1, and V have potential toxicity in fly ash (Adriano et al. 1980) . The integration of these toxic elements into soil could make the elements available for uptake in plants grown on soil covered ash dump. Furthermore, to the elemental uptake in plants, the pozzolanic nature of fly ash could make it difficult to grow crops (Haas and Macak 1985) . However, this could be altered by providing a thicker soil on the ash dump. The pH affects the availability of some micronutrients, even inducing deficiencies (Adriano et al. 1980) .
The 20-year-old unsaturated weathered drilled core ash is underlain by the dolerite rock. The underlying bedrock/geology of the ash dump site will definitely play a vital role in managing the impact of waste disposal on the environment of the site (Adriano et al. 1980; Ward et al. 2009 ). Ojo (2009) demonstrated that chemical interaction of dolerite bedrock with overlying wet disposed fly ash had a significant influence on the metal mobility or release into the subsurface beneath the ash dump. However, this barrier may have a limited capacity for salt; hence, the amount of salt migration should be controlled. It has therefore become imperative to acquire a good knowledge of the geology of ash dump sites before investigating the effects of waste dump on this environment. Ideally, natural soils at the base of the dump site with a high proportion of clay are associated with a low permeability barrier to prevent the salt to leach to the subsurface beneath the ash dam (Akinyemi 2011) .
Climatic conditions and topography of the ash dump site
The climate and irrigation water quality plays an important role in the field soil-water and salt balance. This is because the soil solution tends to get more concentrated due to higher evapo-transpirational losses, and less drainage occurs as rainfall is limited (Annandale et al. 2002) . Similar trends are theorised in the field fly ash water and salt balance therefore understanding the climate of the Ash dump site is a requirement. The region surrounding the ash dump site forms part of the Highveld plateau of South Africa with its characteristic flat topography and grasslands, well known for its maize and sunflower cultivation. The monthly temperature and rainfall data was recorded at the official weather station at the nearby town of Bethal 40 km north-eastern of the ash dump site (Menghistu 2010) . The region has a warm to cold temperate climate, characterised by two distinct seasonal weather patterns. The main wet season occurs in summer and extends from October to April, contributing to 89.9% of the total rainfall. Most of the heavy rain in the region is associated with thunderstorms. The average annual rainfall for the area is 682 mm per annum (SA Weather Service) which is mostly concentrated in the summer months. Infrequent showers occur through the course of the winter months. Surface run-off from the area is in the order of 8% of the annual rainfall.
Temperatures in Highveld plateau of South Africa (i.e. Johannesburg) are usually fairly mild due to the city's high altitude, with the average maximum daytime temperature in January of 26°C (78.8°F), dropping to an average maximum of around 16°C (60.8°F) in June. Groundwater recharge in undisturbed areas is in the order of 3% of the annual rainfall (Hodgson 1999) .
Winter is the sunniest time of the year, with cool days and cold nights. The temperature occasionally drops to below freezing at night, causing frost. The mean monthly temperature varies between 1 and 26°C (Menghistu 2010) . Summers in the ash dump site are hot, and the winters cold. The prevailing wind direction is north-west during the summer and east during winter. Winds are usually light to moderate.
The mean annual evaporation (MAE) of the region is 1563 mm, and the mean annual run-off (MAR) 55 mm (Midgley et al. 1994 ).
Sampling method
This study examines 20-year-old unsaturated weathered drilled core ash and fresh CFA samples. The general technique for drilling adopted for the study was described in the literature (Akinyemi et al. 2011b ).
Coal ash petrology
The epoxy-bound particulate pellets of the coal ash samples (\ 20-mesh) were encased and prepared to a final 0.05-lm-alumina polish. The pellets were microscopically investigated on a Leitz Orthoplan microscope located at the Center for Applied Energy Research, University of Kentucky (USA), through reflected-light optics and a 509 oil-immersion objective. Fly ash petrology was conducted according to the procedures outlined in the literature (Hower 2012 ).
Mineralogical analysis of CFAs
A representative coal fly ash sample was crushed into fine powder inside an agate mortar. The Philips PW1830 X-ray diffractometer with Cu Ka radiation was used to examine the powder diffraction. Minerals phase identification was carried out using the ICDD Powder Diffraction reference file. Next, the quantitative analyses were examined using the SIRO-QUANT TM , commercial interpretation software from CSIRO (Taylor 1991) to determine the mineral phases based on the XRD investigation method (Rietveld 1969) . The diffraction configuration of ''tridymite'' a poorly crystalline mineral phase was used to characterise the amorphous phase of the coal fly ashes according to the method defined in the literature (Ward and French 2006) .
Major element analysis
A lithium metaborate was used to fuse and cast representative coal ash samples into a disc based on the scheme described in the literature (Norrish and Hutton 1969) . The moulded disc was investigated by XRF (X-ray fluorescence) analysis (Model: Philips PW2400 spectrometer ? SuperQ software). The experimental data were reported as percentages of the major oxides in the coal fly ash samples.
Geochemical fractionation
The three-stage successive method for chemical extraction suggested to the European Community Bureau Reference (BCR) reported by Tokalioglu et al. (2003) was adopted for the study. A triplicated composite sample from various depths in the weathered CFA and fresh CFA was used in this study. The detailed procedure is presented in Sects. 2.9.1, 2.9.2, 2.9.3, 2.9.4 and 2.9.5.
Fraction 1: Water soluble
Exactly 2 g of fresh and weathered CFAs samples was placed in centrifuge tubes of 50 mL capacity. Next, 40 mL of ultra-pure water was added to the samples and horizontally stirred for 1 h. On completion, the mixture was centrifuged at 5000 rpm for 10 min. The supernatant was filtered through a 0.45-lm-pore membrane filter before transferring to the sample bottles. The samples were subsequently acidified with concentrated nitric acid (15.6 M HNO 3 ) before refrigeration at 4°C before examination of the metal species through inductively coupled plasma mass spectroscopy/atomic emission spectroscopy (ICP-MS/ AES). The technique was reiterated to confirm sufficient residues for the next extraction procedure.
Fraction 2: Acid soluble and exchangeable
Precisely, 40 mL of 0.11 M acetic acid (CH 3 COOH) was mixed with 1 g of the residue obtained after extraction of fraction 1, before stirring for 16 h. After stirring, the mixture was subjected to centrifugation for 10 min at 5000 rpm. The supernatant was sifted through a 0.45-lm-pore membrane filter. About two drops of concentrated nitric acid (15.6 M HNO 3 ) were added, and the refrigerated sample was stored at 4°C before the metal cation analysis by ICP-MS/AES. The technique was repeated numerous times to ensure sufficient residual material for the next extraction procedure. This portion comprises mobile elements that pose risks to the environment (Quispe et al. 2012) .
Fraction 3: Reducible
For each test, 0.5 M of hydroxyl ammonium chloride (HONH 2 ÁHCl) and 2 M nitric acid were used to adjust the pH 2. Next, 40 mL of the solution was added to the 1 g of the residue obtained after extraction of fraction 2 before shaking for 16 h. On completion, the combination was centrifuged at 5000 rpm for 10 min. Subsequently, the supernatant was filtered through a 0.45-lm-pore membrane filter before acidification with 15.6 M nitric acid. Next, the samples were stowed at 4°C in a refrigerator before analysis by ICP-MS/AES to determine the metal cation at the central analytical facility, University of Stellenbosch, South Africa. The fraction examined contained metal species attached to oxy-hydroxides of Fe and Mn, which could be given off if the environmental conditions are altered from oxic to anoxic.
Fraction 4: Oxidisable fraction
For this test, precisely 10 mL of 8.8 M hydrogen peroxide (H 2 O 2 ) was added to 1 g of the residue obtained after extraction of fraction 3. The mixture was stirred mechanically for 1 h at room temperature, and at 85°C for 1 h. Next, the volume of H 2 O 2 was reduced to a few mL by further heating on a hot plate. Similarly, the volume of H 2 O 2 was increased by adding small aliquots to the mixture before repeating the procedure. Next, 50 mL of 1 M ammonium acetate was added to the mixture before shaking for 16 h. The supernatant was filtered through a 0.45-lmpore membrane filter. Lastly, concentrated nitric acid (15.6 M HNO 3 ) was added before storage at 4°C before metal cation analyses by ICP-MS/AES. This portion removes the metal species bound to organic matter and sulphides under oxidising conditions. A summary of the first three fractions of the sequential extraction represents the total metal content associated with the mobile phase.
Fraction 5: Residual fraction, Aqua regia
For this test, 0.5 g of the residue after extraction of fraction 4 was transferred to a volumetric flask before the addition of 36 mL of the aqua regia (HCl/HNO 3 : 3:1). Next, the combination was submerged in a bath of water before heating at 110°C for about 90 min. The mixture was acidified by adding 5 mL of HF and digested at 90°C for 12 h. After boiling to near dryness, the mixture was cooled and diluted with 10 mL of 20% v/v HNO 3 . Next, the mixture was sifted and moved into 100-mL polyethene bottles that were filled to the blot with Milli-Q water. To validate the results, triple acid digestion (HCl/HNO 3 /HF) of the tailings was performed based on the procedure applied to fraction 5. The metal species in this fraction are intensely bound to amorphous and crystalline phases that are chemically extracted by triple acid digestion. Hence, these metal species are not released except under extreme weather conditions.
Results and discussion
Coal fly ash petrology
The fresh and weathered CFAs are controlled by the glass of 1% coal-based carbons ( Table 1 ). The amorphous glass exists as vitrified edges of fragmented rocks (Fig. 1a, b ) or angular species (Fig. 1c, d) . The anisotropic ( Fig. 2a ) and isotropic cokes (Fig. 2b) are attributed to the combustion of bituminous-rank vitrinite. In Fig. 3 , a contrast existed between Fespinel minerals from the fresh CFA ( Fig. 3a) and weathered CFA (Fig. 3b) . A reddish-orange rind sulphate or Fe-oxide surrounds the weathered Fespinel. The Fe-oxides are also found within the glassy portion of the weathered CFA (Fig. 3c, d) . The most evident sign of weathering and oxidation in the old coal fly ash is the presence of oxidised rinds surrounding the Fe-spinel minerals (Fig. 3b ). It has been observed that there is a slight enrichment in the amorphous glass content in the weathered CFA related to the fresh CFA. This implies that the weathered CFA is more crystalline and reactive than the fresh CFA. The reactivity of CFA depends on the amorphous glass and mineral contents (Chatterjee 2010) . Table 1 shows the relative depletion of the weathered CFA in quartz, mullite, spinel, and inertinite. Conversely, the weathered CFA was relatively supplemented in amorphous glass and Fe-oxides (Figs. 4, 5) .
Coal fly ash mineralogy Table 2 depicts the calculated crystalline phases (weight per cent) identified in the studied samples, including estimated the relative error (i.e. projected standard deviation) for all determined minerals. The general level of fit for the SIROQUANT assessment in each case is defined as the relevant global chi 2 value ( Table 2 ). The total error for each mineral (%) was assessed from the ESD product related to that mineral and the square root of the global chi 2 value in the applicable SIROQUANT analysis. In some cases, the error in the determination was close to or larger than the calculated percentage of the mineral in question. The minerals present were of similar magnitude to the percentage indicated or below the detection limit of the XRD. However, such minerals are mentioned in the report to ensure their possible presence is not disregarded. The dominant crystalline components in the fresh and weathered CFAs are quartz and mullite (Table 2) , followed by ettringite, traces of maghemite, and calcite in the fresh CFA. Mullite is relatively depleted in the weathered CFA, but quartz is enriched in fresh CFA ( Table 2) .
The decomposition of kaolinite formed the mullite in CFA during the high-temperature coal combustion process (White and Case 1990) . Both fresh and weathered CFAs in this study contain a relatively high proportion of the amorphous matrix. Nonetheless, amorphous and calcite minerals are relatively enriched in the weathered CFA. The amorphous minerals in CFA are mainly resulting from the hightemperature combustion reactions of the coal mineral matter (Matjie et al. 2008; Ward and French 2006) . (Gitari et al. 2011; Muriithi et al. 2013; Soong et al. 2006 ). The proportion of maghemite in fresh and unsaturated weathered CFAs samples is relatively constant. Mullite and amorphous materials could result from the high-temperature reactions of clay base minerals. However, the residual mass after the degradation of pyrite components in the coal feedstock is called maghemite (Hower et al. 2017; Silva et al. 2010) . Table 2 shows the presence of ettringite in the fresh CFA which is due to the chemical reaction of calcium aluminate with calcium sulphate. The obvious disappearance of ettringite in the weathered CFA is ascribed to rapid dissolution of calcium aluminate and calcium sulphate during the weathering process.
Coal fly ash chemistry and potential for beneficiation into geopolymers
Overall, the fresh and weathered CFAs are dominated by SiO 2 and Al 2 O 3 ( Table 3 ). The weathered fly ash has relatively high concentrations of SiO 2 , Al 2 O 3 TiO 2 , MgO, SO 3 , SrO, and BaO compared to the fresh CFA. Conversely, the fresh CFA is relatively enriched in CaO, K 2 O, Na 2 O, P 2 O 5 , and LOI in comparison with the weathered CFA. Furthermore, this is noticeable from the low concentration of calcite in the CFA (Table 2) . Akinyemi et al. (2012) ) suggest that the relative depletion of CaO in the weathered CFA is attributed caused by the chemical reactions of ingressed CO 2 and infiltrating rainwater due to hydrolysis and dissolution. Both the fresh and weathered CFAs have almost similar concentrations of Fe 2 O 3 . Nevertheless, spinel (impure magnetite) is relatively enriched in the fresh CFA than in the weathered CFA (Table 1) .
The chemistry of several materials applied in geopolymerisation as compared to the studied fresh and weathered CFAs is shown in Table 4 . The SiO 2 / Al 2 O 3 ratio of the studied fresh and weathered CFAs is relatively higher than Sasol fly ash, wastewater treatment sludge and aluminium waste (Table 4) . Nevertheless, the SiO 2 /Al 2 O 3 ratio in the present study is relatively lower than gold mine tailings (South Africa), copper tailings (India), copper tailings (USA), cement dust from kilns (USA), and powder from waste concretes (USA) ( Table 4 ). The network theory of glass formation proposed by Zachariasen (1932) offers a theoretical basis to describe the relatively richer glass contents in the samples examined. The ratio of (Table 4) is higher in the weathered CFA compared to fresh CFA. This pattern could be attributed to the glass contents in the studied samples (Table 1) . Zhang et al. (2011) ) reported that the Si/Al ratio is a significant feature of geopolymerisation. The authors suggest that the strength of a geopolymer is maximised by high Si/Al ratios typically in the ranging from 1 to 3 as corroborated by other research groups in the literature (Duxson et al. 2007; Zheng et al. 2010 ). Cheng and Chiu (2003) 
Geochemical fractionation

Major elements distribution in geochemical phases
The concentrations of investigated major elements in the five operational defined geochemical phases are shown in Table 5 . The major leachable elements in the water-soluble portion are depicted in Fig. 1 . The elements Al, Si, Fe, K, and Ti show higher leachability in the water-soluble fraction of the weathered CFA compared to the fresh CFA. In contrast, the major elements Mn, Ca, Na, and Mg show higher leachability in the water-soluble geochemical phase in the fresh CFA compared to the weathered CFA. The observed depletion of Ca, Mg, K, and Na in the water-soluble fraction of the weathered CFA could be attributed to the flushing of the major soluble oxides during the weathering process. In the equivalent fraction (F2), Al and Si show higher leachability in the weathered CFA than in the fresh CFA (Fig. 1) . Conversely, Ca, Fe, Mg, Mn, K, and Na exhibit higher leachability in the fresh CFA than in the weathered CFA (Fig. 1) . The high content of these soluble chemical species in fresh CFA is a confirmation of the existence of soluble salts such as Cl and SO 4 2which are generated by the combustion of coal. On exposure to aqueous media and weathering, these chemical species are easily dissolved and flushed out of the coal fly ash (Gitari et al. 2011 ).
In the reducible fraction, elements such as Ca, Mg, Na, and K show enrichment in the weathered coal fly ash. Alternatively, Ti and Mn were enriched in the fresh CFA. In the oxidisable fraction, all other major elements, except Na and K, showed enhancement in the fresh CFA. The observed metals reduction of the weathered CFA could be attributed to significant dissolution of oxidisable fraction during the weathering process in the ash dump.
In the silicate or residual fraction, main elements, namely Al, Ca, Mg, Mn, Na, and Si, show higher extractability in the weathered CFA. However, K showed the higher leachability in the fresh CFA. After initial flushing of the soluble salts, the alumina-silicate matrix of the CFA and adsorbed chemical species could be attributed to higher concentration of these species in this fraction of the weathered CFA than in the fresh CFA. In particular, the pH of fresh CFA (11.26) is relatively higher than that of the weathered CFA (9.89). The relatively lower pH of the weathered CFA shows these basic oxides are depleted indicating sluggish dissolution from the alumina-silicate matrix. In principle, the leaching of fly ash occurs in two phases. The first phase is the flushing of high-soluble fractions due to soluble salts. The second phase is the slow release of adsorbed species mainly from the alumina-silicate matrix and diffusion from the deeper sections of the coal fly ash particles.
Trace elements distribution in geochemical phases
The trace element concentrations in various geochemical phases are depicted in Table 6 . Figure 2 shows Cr, Zn, Ba, Li, B, Ti, V, Co, Cu, Sr, and Ni are comparatively enriched in the water-soluble fraction 
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Ngoetjana, (F1) of the weathered fly ash but depleted in fresh CFA. In contrast, As, Se, Mo, Cd, Sb, Pb, and Be are enriched in the water-soluble fraction of fresh CFA but depleted in the weathered CFA (Fig. 2) . In the exchangeable fraction (F2), Cr, Mo, Sb, Ba, Li, B, V, and Cu are relatively enriched in the weathered CFA, but still show depletion in fresh CFA.
Conversely, Ni, Zn, As, Se, Cd, Pb, Be, Ti and Cu are rather enriched in the fresh CFA but depleted in the weathered CFA (Fig. 2) . In the reducible fraction (F3), elements such as Cr, Ni, Zn, As, Se, Mo, Sb, Ba, Li, B, V, Co, and Cu are fairly enriched in the weathered CFA, but depleted in fresh CFA (FFA). On the contrary, Cd, Pb, Be, and Ti are moderately enriched in fresh CFA but show obvious depletion in the weathered CFA (Fig. 2) . In the oxidisable fraction, all the investigated trace elements (Cr, Ni, Zn, As, Se, Mo, Cd, Sb, Ba, Ag, Pb, Be, Li, B, Ti, V, Co, and Cu) are relatively enriched in the fresh CFA compared to the weathered CFA (Fig. 2) . In the silicate or residual fraction, the elements Ni, Zn, As, Se, Cd, Sb, Ba, Be, Pb, Ti, Co, and Cu are relatively enriched in the weathered CFA compared to the fresh CFA (Fig. 2) . On the other hand, Cr, Mo, Hg, Li, B, and V are relatively enriched in the fresh CFA than in the weathered CFA. The trace elements enrichment of weathered CFA in the silicate fraction could be ascribed to slow dissolution of the aluminosilicate matrix and slow release of adsorbed chemical species. The mobility of the investigated elements was estimated based on the equation (Kabata-Pendias and Pendias 1992):
The calculated mobility factor of investigated elements in both fresh and weathered CFAs is presented in Table 7 . The MF for the 20 investigated analytes in the fresh CFA (Al, Si, Mn, Fe, P, K, Sr, V, Co, Cu, Ti, Cr, Ni, Zn, As, Cd, Ba, Pb, Be, Li, and B) is below 10%. Conversely, MF for Ca, Mg, Na, Se, Mo, and Sb elements in the fresh CFA is above 10%. The estimated mobility factor for seventeen investigated elements in the weathered CFA (Al, Si, Ca, Mn, Na, Mg, Fe, Co, Ni, Zn, As, Mo, Cd, Sb, Ba, Li, and Ti) is below 10%. Conversely, mobility factor for elements in the weathered CFA such as K, Sr, V, Cu, Cr, Se, and B is above 10%. The elements with below 10% mobility factor suggest low mobility and stability and thus pose less risk to the environment. However, elements with mobility factors above 10% indicate high mobility, instability, and high susceptibility to leaching/flushing.
Summary and conclusion
The mineralogical transformation and metal mobility initiated by the weathering process at the ash dump scenario were considered through a comparative study of the fresh and weathered CFAs. The combination of X-ray diffraction and organic petrological methods revealed the relative enrichment of glass, iron oxides, calcite, and amorphous phases in the weathered CFA. The results showed that fresh CFA is moderately enriched in mullite, inertinite, maghemite, and ettringite minerals. The relative enrichment of glass mineral phase in the weathered CFA suggests that it is more reactive than the fresh CFA. The X-ray diffraction analysis revealed relative enrichment of quartz in the weathered CFA. In contrast, the organic petrological analysis shows the relative enrichment of quartz in the fresh CFA. The different pattern observed in the enrichment of quartz could be attributed to the analytical technique used in this study. The relative depletion of CaO, K 2 O, and Na 2 O in the weathered CFA could be ascribed to flushing caused by a reduction in pore water pH. The calculated mobility factor for the elements in the fresh CFA (Ca, Mg, Na, Se, Mo, and Sb) and the weathered CFA (K, Sr, V, Cu, Cr, Se, and B) suggests high susceptibility to leaching and mobility. Conversely, twenty investigated elements in the fresh CFA (Al, Si, Mn, Fe, P, K, Sr, V, Co, Cu, Ti, Cr, Ni, Zn, As, Cd, Ba, Pb, Be, Li, and B) and seventeen elements in the weathered CFA (Al, Si, Ca, Mn, Na, Mg, Fe, Co, Ni, Zn, As, Mo, Cd, Sb, Ba, Li, and Ti) are immobile and pose less risk to the human health and environment. The study reveals that geochemical processes such as precipitation of amorphous phases, iron oxides, and calcite; flushing of major soluble constituents (CaO, K 2 O and Na 2 O); and reduction in pore water pH regulate the migration of metals in coal fly ash dump.
